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For liquid Ti, it is difficult to achieve high undercooling because of its chemical reactivity; as a result, there is little information 
available on its properties and structure in the undercooled state. In this study, we investigate the density and structure, using mo-
lecular dynamics method, for the undercooling and superheating ranges 0–743 K and 0–457 K. The density increases quadratically 
for undercooling. At the melting temperature, the density is 4.14 g/cm3, and first and second temperature coefficients are obtained. 
The pair correlation functions and coordination numbers indicate that the short range degree of order becomes increasingly sig-
nificant with increasing undercooling. 
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In comparison with the majority of normal-state liquids, 
undercooled liquid metals display many unusual character-
istics as a result of their thermodynamic metastability. This 
is particularly seen for metals with high melting-tempera-     
tures and these have attracted increasing research interest in 
the past ten years [1–6]. The densities and structures of 
metastable undercooled liquids are of great importance in 
understanding metastable liquid metals. However, little is 
known about the densities and structures of metastable liq-
uid metals compared with those of stable liquids above the 
melting temperatures. 
Ti is widely used in various applications such as air-
frames and turbine blades because it has excellent properties, 
including excellent strength, low density, good ductility, 
and superior resistance to chemical processes. However, its 
melting temperature is very high, at 1943 K, which is espe-
cially for high reactivity in the liquid state. These factors 
cause great difficulties in the experimental determination of 
the properties of liquid Ti. Accordingly, information on the 
density and liquid structure is scarce. The requirement for 
this information is increasing as a result of the extensive 
application of Ti in various industrial alloys. 
In the past ten years, several researchers have reported 
densities of liquid Ti. Rhim et al. [7] measured the density 
of liquid Ti in the temperature range 1650–2000 K using an 
electrostatic levitator (ESL). Paradis et al. [8] obtained the 
density of liquid Ti using an ESL method in the temperature 
range 1750–2050 K. Ishikawa et al. [9] also reported the 
density obtained using their ESL facility in the temperature 
range 1680–2060 K. However, there are some discrepancies 
among these reported results. Detailed investigations of the 
densities are still needed and the temperature regimes stud-
ied so far have not been broad enough. In order to further 
understand the physical characteristics of liquid Ti, density 
changes and liquid structures are required over a broad 
temperature range, especially for the metastable under-
cooled regime. 
The liquid structure is also of importance in studies of 
undercooled liquid Ti. However, it is extremely difficult to 
obtain detailed structural information because of its meta-
stable characteristics and rapid atom diffusion. Recently, an 
experimental investigation of the liquid structures of metals 
was performed by combining containerless processing with 
X-ray scattering, synchrotron X-ray diffraction, and neutron 
diffraction methods [10–13]. For liquid Ti, Lee et al. [14] 
measured the structure factor of an electrostatically levitated 
Ti droplet at 282 K undercooling by synchrotron X-ray dif-
fraction, and Holland-Moritz et al. [15] determined the 
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structure factor of liquid Ti at about 200 K undercooling by 
neutron scattering combined with an electromagnetic levita-
tion technique. However, many problems with respect to the 
density and structure of liquid Ti still need to be resolved. 
Molecular dynamics method, combining with a reasona-
ble potential model, has been used to simulate the properties 
and liquid structures of undercooled metals [16–19]. Com-
pared with experimental studies, high undercooling is easily 
achieved in simulations, and more detailed information can 
therefore be accordingly obtained. The objective of the pre-
sent work is to study the density and structure of metastable 
undercooled Ti over a much broader temperature range than 
those previously studied. Subsequently, the molar volume 
and thermal expansion coefficient are also derived. 
1  Materials and method 
Selection of the potential model is very important for the 
final calculated results. In density functional theory, the 
modified embedded atom method (MEAM) was proposed 
by Baskes, based on the potential model of an embedded 
atom method [20]. As well as describing metals with cubic 
structure, the MEAM model can also deal with metals with 
hexagonal structures, including Ti [21,22]. The MEAM 
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where Fi is the energy of the embedded atom i in an electron 
density i, i,j is a pair of potential interactions between at-
oms i and j, which is summed over all neighbors j of atom i 
within the cutoff distance. 
In the present work, 32000 Ti atoms are arranged in a 
cubic box as the liquid structure. The system is subjected to 
periodic boundary conditions in three dimensions under 
constant pressure and constant temperature. The time step is 
1 fs and the pressure is set to 105 Pa. The temperature is 
adjusted every 50 steps. It starts at 3000 K to obtain an 
equilibrium liquid state. The initial temperature is kept con-
stant for 200000 steps. The cooling process, with a cooling 
rate of 1013 K/s, is performed for calculations at 100 K 
temperature intervals. At each temperature, 100000 steps 
are carried out for equilibrium. The last 50000 steps are 
used to calculate the final results. During the calculations, 
the system is kept in a liquid state by monitoring the 
pair-distribution function (PDF) and the mean-square dis-
placement versus the simulated time. All codes are run in a 
Lenovo 1800 Cluster system. 
2  Results and discussion 
Density data play a fundamental role in numerical modeling 
and materials design. The density of liquid Ti is calculated 
as a function of temperature, as illustrated in Figure 1. The 
density  exhibits a nonlinear dependence on the tempera-
ture T: 
4 8 2
m m4.14 2.15 10 ( ) 3.71 10 ( )T T T T         (g/cm3), (2) 
where the melting point Tm is equal to 1943 K. The calcu-
lated temperature for the density of liquid Ti is in the range 
1200–2400 K, including 743 K undercooling and 457 K 
superheating. Such a large undercooling is hard to achieve 
experimentally. From eq. (2), the density at the melting 
temperature is 4.14 g/cm3, and its first and second tempera-
ture coefficients are 2.15104 g cm3 K1 and 3.71108 
g cm3 K2. 
Figure 1 also presents the density results for liquid Ti 
obtained by other researchers, for evaluation of the present 
results obtained by molecular dynamics methods. Rhim et al. 
[7] measured the density of liquid Ti in the temperature 
range 1650–2000 K using an ESL, and the following linear 
expression was obtained: 
 4 m4.208 5.08 10 ( )T T     (g/cm3). (3) 
This result is also illustrated in Figure 1, and includes a 
maximum undercooling of 293 K, as marked by line 1. It 
can be seen that Rhim’s result is larger than the present result. 
At the melting temperature, only a difference of 0.07 g/cm3 
exists between the two results, i.e. Rhim’s result of 4.208 
g/cm3 is 1.6% larger than the present value of 4.14 g/cm3. 
However, the present temperature coefficient is larger than 
that obtained by Rhim’s experiments. 
Paradis et al. [8] measured the density of liquid Ti using 
an ESL method and derived the following correlation: 
 4 m4.10 9.90 10 ( )T T     (g/cm3), (4) 
where the experimental temperature range is 1750–2050 K, 
and includes a maximum undercooling of 193 K. The present 
calculated value of the density at the melting temperature is  
 
Figure 1  Density of liquid Ti versus temperature. 
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very close to Paradis’s experimental result. However, there 
is a large difference between the two temperature coefficients. 
Ishikawa et al. [9] also determined the density of liquid 
Ti using their ESL facility and derived the following rela-
tionship: 
 4 m4.17 2.2 10 ( )T T     (g/cm3), (5) 
where the experimental temperature range is 1680–2060 K, 
and includes a maximum undercooling of 263 K. 
The density of liquid Ti in Smithells Metals Reference 
Book [23] is 
 4 m4.13 2.3 10 ( )T T     (g/cm3). (6) 
According to the above analysis, the maximum under-
coolings achieved by Rhim, Paradis, and Ishikawa are 293, 
193 and 263 K, respectively. In Smithells Metals Reference 
Book [23], only the data for the density of liquid Ti above 
the melting temperature are given. The four previously ob-
tained densities at the melting temperature are as follows: 
Rhim’s result is 4.208 g/cm3, Paradis’s result is 4.10 g/cm3, 
Ishikawa’s result is 4.17 g/cm3, and the result in [13] is 4.13 
g/cm3. The present value is 4.14 g/cm3. Among these results, 
the maximum is Rhim’s value of 4.208 g/cm3, the minimum 
value is Paradis’s result of 4.10 g/cm3, and the difference 
between them is 0.108 g/cm3. Such a small difference is 
quite satisfactory. 
However, there are large differences among the temper-
ature coefficients reported by different researchers. Para-
dis’s temperature coefficient, 9.9104 g cm3 K1, is the 
minimum. The second lowest, 5.08104 g cm3 K1, is 
Rhim’s result, and the others are approximate. Although 
there are no significant differences among the density val-
ues at the melting temperature, the deviations among these 
results become increasingly large when the temperature 
deviates from the melting temperature for either the super-
heated state or the undercooled state. In terms of the above 
analysis, the present results agree well with Ishikawa’s re-
sults (line 3) and the data in [13] (line 4). Accordingly, it 
can be concluded that our molecular dynamics simulation 
provides reasonable density data for liquid Ti, especially for 
a highly undercooled state. 
According to the present density, important physical 
properties such as the molar volume and thermal expansion 
coefficient, which have close relationships with the density, 
could be derived for liquid Ti. The molar volume Vm of liq-
uid Ti is computed and given in Figure 2 (hollow circles), 
and can be expressed by 
 4 7 2m 10.86 1.03 10 1.28 10V T T
      (cm3/mol). (7) 
Figure 2 shows that Vm increases nonlinearly with in-
creasing temperature; Vm is 11.56 cm
3/mol at the melting 
temperature of 1943 K, but Vm drops to 11.19 cm
3/mol 
when the undercooling achieves 743 K. It is evident that the 
molar volume at the maximum undercooling is 3.3% smaller  
 
Figure 2  Molar volume and thermal expansion coefficient of liquid Ti 
versus temperature. 
than that at the melting point. For solid Ti, Vm is 10.64 
cm3/mol at room temperature. This means that the value Vm 
for liquid Ti at 1943 K is 8.6% larger than that of solid Ti at 
293 K. For the maximum undercooling of 768 K, the molar 
volume of liquid Ti is 5.2% larger than that of solid Ti at 
room temperature. This indicates that the structure of liquid 
Ti may change accordingly. 
The thermal expansion coefficient β can be expressed as 
 1 .
T
      (8) 
Based on the above equations and the density results, the 
thermal expansion coefficients of liquid Ti are computed 
and shown in Figure 2; they can be expressed as  
 5 8 24.88 4.64 10 5.74 10 .T T        (9) 
The thermal expansion coefficient increases nonlinearly 
with increasing temperature coefficient. The thermal expan-
sion coefficients of liquid Ti are of the order of magnitude 
105. However, those of solid Ti are of the order of magni-
tude 106; for example,  at 373 K is 8.8106 K1, and  at 
1073 K is 9.9106 K1. It can be seen that  for Ti in the 
liquid state is much larger than that of solid; this may be 
because the inter-atomic forces in liquid metals are much 
weaker than those in solid metals. 
Furthermore, the liquid structure of Ti can be represented 
by the PDF; this is computed using the equation g(r)=V<ni(r, 
r + r>/(4r2rN), where V is the calculated cell volume, 
ni(r, r + r) is the atom number around the ith atom in a 
spherical shell between r and r + r, <∙∙∙> is the average 
symbol, and N is the atom number. This is calculated in the 
stable superheated state and metastable undercooled state 
for liquid Ti. For undercooled liquid Ti in particular, the 
undercooling is sufficiently large to enable the study of 
structural changes at the atomic scale. For clarity, only the 
PDFs at four temperatures, 2400 K (highly superheated 
state), 2000 K (near the melting temperature), 1600 K (un-
dercooled state), and 1200 K (highly undercooled state) are 
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presented in Figure 3. 
In Figure 3, clear peaks exist at the first-neighbor dis-
tance. With increasing distance, the PDF values approxi-
mate to 1. This suggests that the Ti atoms in the simulated 
system are ordered in the short range and disordered in the 
long range. These are typical characteristics of liquids. Alt-
hough the four PDFs look similar to each other, there are 
still some differences among them. The first peak heights of 
the PDFs change significantly with temperature; this repre-
sents the degree of order of the Ti atoms at the first-neighbor 
distance. For the peaks at the sub-neighbor distance, a sad-
dle occurs at 2400 K, the saddle changes to two small peaks 
at 2000 K, to two obvious peaks instead of a saddle at 1600 
K, and three small peaks appear at 1200 K, indicating that 
the liquid structure of Ti changes when liquid Ti changes 
from a highly superheated state to a metastable undercooled 
state. 
Figure 4 illustrates the PDF heights at the first- and sub- 
neighbor distances of liquid Ti. The PDF values at R1 (Fig-
ure 4(a)) decrease with increasing temperature. At 1200 K, 
the PDF at R1 is 4.95, which is 43% larger than the value of 
3.47 at 2400 K. It is apparent that the degree of order of the 
atom distribution increases from the normal liquid to the 
undercooled liquid. The second peaks are also analyzed at 
different temperatures, and are shown in Figure 4(b). The 
features are similar to those of the PDFs at R1, and the PDFs 
at R2 increase with increased undercooling. Comparing the 
PDF at R2 at 1200 K with that at 2400 K shows that the 
value is enhanced by 32% when liquid Ti cools from a su-
perheated state at 2400 K to a highly undercooled state at 
1200 K. 
 
Figure 3  Pair distribution functions of liquid Ti versus temperature. 
 
Figure 4  Pair distribution function heights at (a) first- and (b) sub- 
neighbor distances of liquid Ti versus temperature. 
The coordination number of liquid Ti is also computed to 
analyze the liquid structure. First, the cutting distances rc 
are determined from the first PDF peaks, as shown in Figure 
5. It can be seen that rc slightly increases with increasing 
temperature. The coordination number is almost independ-
ent of the temperature, and is in the range 10.0–10.3 from 
1200 to 2400 K. This is different from the characteristics of 
the PDF peak heights. 
3  Concluding remarks 
In summary, the densities and structures of liquid Ti were 
investigated in the temperature range 1200–2400 K, includ-
ing both superheated and undercooled states. The density  
 
Figure 5  Coordination number and cutting distance of liquid Ti versus 
temperature. 
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increases nonlinearly with increased undercooling. At the 
melting temperature, the density is 4.14 g/cm3, and its first and 
second temperature coefficients are 2.15104 g cm3 K1 
and 3.71108 g cm3 K2. The present work provides den-
sity values over a broader temperature range, especially for 
larger undercooling regimes, than those in previous studies. 
The maximum undercooling is 743 K. Such a large under-
cooling is hard to achieve experimentally. Based on the 
highly accurate calculated density, the molar volume and 
thermal expansion coefficient are derived; these increase 
quadratically with increasing temperature. 
The PDF heights at the first-neighbor distance increase 
with decreasing temperature. For 1200 K, the PDF at R1 is 
4.95, which is 43% larger than the value of 3.47 at 2400 K. 
The PDF at the sub-neighbor distance is similar to the PDF 
at R1, which increases with increased undercooling. A com-
parison of the PDF at R2 at 1200 K with that at 2400 K 
shows that the value is enhanced by 32% when liquid Ti 
cools from a superheated state at 2400 K to a highly under-
cooled state at 1200 K. The above characteristics indicate 
that the degree of order of the atom distribution increases 
from the normal liquid to the undercooled liquid. However, 
the coordination number changes little, and remains in the 
range 10.0–10.3 from 1200 K to 2400 K. 
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